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An outstanding innovation 
in LP-MOVPE: use of 
nitrogen as the carrier gas 
H. Hardtdegen & P. Giannoules 
The largest industrial application for lillY semiconductors is optoelectronic devices such as 
detectors and em/tters (/asers, LEDs) and solar cells. Mastering the epitaxial growth of Ill~V- 
semiconductor single and multi layers is a prerequisite for the 
successful fabrication of these devices. 
E 
xtreme layer purity, abrupt 
interfaces and excellent 
homogeneity are needed to 
make the devices efficient. The gas 
phase method MOVPE (metallor- 
8anic vapour phase epitaxy) belongs 
to one of the most attractive processes 
for the epitaxial task from the 
manufacturing point of view. This is 
due to its high thronghput, excellent 
compositional control, its possibility 
for selective growth on patterned 
substrates and flexibility for deposit- 
ing monolayer as well as many micron 
thick layers reprodueibly. Neverthe- 
less, as in every technique, there is 
always room for improvement. One 
weakpoint is carbon and oxygen 
incorporation in AI-containing I!I/ 
Vs due to the high AI-C bond 
strength in the metallorganic com- 
pound used, on the one hand, and due 
to the high reactivity of these AI- 
organics towards oxygen on the other. 
A second issue of discussion is the 
homogeneity of the layers deposited. 
Last but not least, there are safety 
issues that need to be addressed. 
Process development has been done 
and is still in progress to replace the 
commonly used Group V source 
compounds by safer ones. Instead of 
the extremely volatile and highly toxic 
hydrides AsH3 and PH3, less volatile 
Group V organic ompounds can be 
employed. Our MOVPE group at the 
Institute of Thin Film and ion 
Technology at the Research Center 
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J01ich has been dealing with an 
additional safety issue: can the highly 
explosive carrier gas hydrogen be 
substituted by an inert carrier gas? 
Before we can answer this question, 
we need to know what role the carrier 
gas plays in MOVPE and why 
hydrogen has mainly been used to 
date. 
The role of the carrier gas is, as its 
name implies, to transport he gas- 
eous source materials, (~.e. the metal- 
iorganic Group II! compounds, 
usua l ly  Ga(CH3)3,  (TMGa) ,  
AI(CH3)3, (TMAI) and In(CH3)3, 
(TMIn) and the Group V com- 
pounds, for instance AsH 3 and PH3, 
into the heated zone of the reactor 
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where they undergo reactions in the 
gas phase as well as at the substrate 
surface. These reactions lead to the 
decomposition of the compounds. 
Complete decomposition f the com- 
pounds is important for obtaining 
highly pure semiconductor layers, in 
which no carbon has been incorpo- 
rated. The carrier gas, of which 90 to 
95% of the gas phase consists, plays 
an important role in this decomposi- 
tion process: on the one hand as an 
impact partner by which it influences 
gas phase reactions; on the other 
hand, its physical characteristics such 
as heat conductivity and capacity, 
viscosity and density have an influ- 
ence on the concentration profiles of 
the reactants near the substrate sur- 
face, and therefore also have an 
influence on equilibrium reactions. 
These physical characteristics are 
strongly dependent on the molecular 
weight of the ambient gas chosen. 
Nitrogen, for instance, with a mole- 
cular weight of 28 g/mole (in compar- 
ison to the 2 g/mole for hydrogen) has 
a 7 times higher impact number than 
hydrogen, so that more complete gas 
phase decomposition could be ex- 
pected, if it were used as the carrier 
gas in MOVPE. 
Why hydrogen? 
Why was hydrogen chosen as the 
carrier gas in the first place? There 
seem to be mainly historical reasons. 
In the late 60s MOVPE was carried 
out at atmospheric pressure. Different 
carrier gases such as N2, He and Ar 
were tested as an alternative to H2 in 
order to understand the role of the 
carrier gas in the MOVPE growth 
process. The alternative gases did not 
lead to more carbon incorporation i
the layers deposited. There is there- 
fore no need for the ambient hydro- 
gen to scavenge away carbon in the 
deposition process. The crystal qual- 
ity of the layers obtained, however, 
was inferior, when the heavier gases 
N2 and Ar were used. Calculations 
showed that laminar flow (the pre- 
condition for excellent epitaxial crys- 
tal growth in MOVPE) was not 
obtained in most reactor types for 
these gases. Besides this, the length it 
takes in the heated zone of the reactor 
before the gas phase is fully developed 
is nearly 7 times longer when a heavy 
gas such as nitrogen is used instead of 
hydrogen, due to its lower thermal 
conductivity. An AIXTRON 200 
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Figure 2. 2K photoluminescence spectra of GaAs deposited by the nitrogen (upper spectrum) and 
hydrogen (lower spectrum) processes at 20 mbar and 650°C. The crystal quality and purity is 
comparable and state of the art. 
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Figure 3. 2K photoluminescence spectra of lnP deposited by the nitrogen (upper spectrum) and 
hydrogen (lower spectrum) processes at 20 mbar and 640°C. The crystal quality and purity is 
comparable and state of the art. 
horizontal reactor at atmospheric 
pressure was used with a typical 
deposition temperature of 650°C. 
The gas phase develops after about 
5.5 cn-i for hydrogen and after about 
33.5 "cm for the ambient nitrogen. 
This means that the gas phase is not 
fully developed until downstream of 
the substrate for nitrogen instead of in 
the proximity of the substrate. 
Since helium was too costly and 
hydrogen worked satisfactorily, the 
latter remained the preferred choice. 
Meanwhile, further process develop- 
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ment showed that layer uniformity 
can be increased and impurity incor- 
poration can be decreased when 
MOVPE is performed at reduced 
reactor pressure. Even though it had 
become possible to obtain laminar 
flow with heavier gases, due to the 
lower reactor pressures, hydrogen had 
become common and also did the job. 
Therefore, no further efforts were 
undertaken to replace it. We in 
Jiilich, however, started replacing the 
carrier hydrogen by inert nitrogen in 
1992 with the intention of improving 
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the growth process by not only 
addressing the safety issue, but also 
by improving layer characteristics. 
That is, on the one hand due to the 
higher impact number better decom- 
position of the sources and therefore 
less carbon incorporation was to be 
expected. On the other hand, less 
predeposition and side wall deposits 
were to be expected ue to the lower 
thermal conductivity of N2 and there- 
fore increased uniformity should be 
observed. 
Why did we choose nitrogen? It is 
the most promising candidate from 
the manufacturing point of view, 
since it is very inexpensive, very pure 
when evaporated irectly from the 
liquid phase and inert. Costly detec- 
tion systems are not needed, as is the 
case for highly explosive hydrogen. 
From the point of view of hydrody- 
namics, as long as reactor pressures 
below 100 mbar are employed, there 
are no obstacles in the way for using 
nitrogen. 
Nitrogen purification 
An additional requirement which 
needs to be taken into account in 
MOVPE is the extreme purity of the 
carrier gas. Specifically, the level of 
process critical impurities must be in 
the sub-ppb range.-In the Semicon- 
ductor industry, this challenge has 
been taken up by SAES Getters, by 
developing and employing the metal- 
lic-alloy getter technology for point of 
use and area gas purification with 
flows from sccm to tens of Nm3/h. 
For many years, getter technology 
has been widely used for impurity 
removal, in both vacuum and gas 
purification applications. The funda- 
mental mechanism of a non-evapor- 
able getter (NEG) to remove residual 
gases in vacuum equipment can also 
be exploited in the purification of 
process gases. Specific getter alloys 
have been developed with high pur- 
ification efficiency for different bulk 
and process gases. Unlike conven- 
tional purification technologies, me- 
tallic-alloy getters remove all the 
major impurities in the gas in a single 
stage by using irreversible chemical 
reactions. Specifically, the getter re- 
moves all typical gas contaminants 
such as 02, H20, CO, CO2, H2, CnHm 
and N2 from nitrogen and rare gases 
respectively, by means of chemisorp- 
tion. The reactive getter surface 
breaks the molecular bonds of the 
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Figure 4. 2K photoluminescence sp ctra of AlojGao.zAs deposited by the nitrogen (upper spectrum) and 
hydrogen (lower spectrum) processes at 20 mbar and 700°C. The higher intensity ratio of the bound 
exciton transition (BE) to donor acceptor transition (DA ) c indicates the lower carbon and deep level 
impurity concentration i  the layers, when 172 is used as the carrier. 
gaseous impurities and forms stable 
chemical compounds at room tem- 
perature. The oxide/carbide/nitride 
layer formed passivates the surface 
and protects the bulk from further 
reaction with the ambient. At this 
temperature only the surface capacity 
is utilized, which is typically less than 
1% of the total bulk capacity. The 
reversible sorption of hydrogen by the 
getter makes it possible to use this 
technology for hydrogen purification. 
The reduction of the barrier for 
diffusion at elevated temperatures, in 
our case, typically in the range of 300 
to 400°C, allows for the transport of 
the impurities on the surface into the 
bulk. This process results in a con- 
stant cleaning of the surface, enabling 
the continuous diffusion of the impu- 
rities in the gas into the getter. 
Since the getter material removes 
impurities by forming chemical com- 
pounds, it has a finite bulk capacity. 
The formation of oxide/carbide com- 
pounds changes the resistivity of the 
metallic alloy. Resistivity measure- 
ments are therefore used for end 
point detection. However, comparing 
this capacity with other purification 
techniques, the getter will consume 1 
gram of alloy per day at 1 ppm 
oxygen content and 10 Nm3/h flow. 
The high efficiency of metallic-alloy 
getter purifiers can be verified by 
means of Atmospheric Pressure Ioni- 
zation Mass Spectroscopy (APIMS) 
with parts per trillion (ppt) sensitivity. 
Figure 1 displays the outlet impurity 
levels of a SAES Getters MonoTorr~ 
nitrogen purifier achieved under dif- 
ferent challenge concentrations. As 
can be easily seen, all the critical 
process impurities are removed own 
to the ppt range fulfilling the demand- 
ing MOVPE carrier purity require- 
ments. Additional tests have shown 
that the efficiency does not depend on 
inlet impurities concentration, flow 
rate and pressure (ranging from 
atmospheric to several bar) varia- 
tions. 
The binaries GaAs 
and InP 
Returning to the question of whether 
hydrogen can be replaced by nitrogen 
as the carrier gas in LP-MOVPE, 
before a decision can be made we 
need to compare the "nitrogen pro- 
cess" with the "hydrogen process". 
Naturally, the layer purity and crystal 
quality have to be first studied care- 
fully. Additionally, such aspects as 
layer homogeneity and process costs 
should be dealt with very carefully, 
since MOVPE is the preferential 
growth technique applied in indus- 
try. The crystal purity of the binary 
III-V semiconductor compounds de- 
posited using both growth processes 
was studied first. An AIXTRON 
AIX 200 reactor was employed for 
all experiments. The electrical char- 
acterization of undoped GaAs as well 
as InP was impossible ven for 4 Ixm 
thick layers since the free carrier 
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concentration is very low (< 5 x 1013 
cm-3). Photoluminescence spectro- 
scopy is, however, one of the most 
sensitive methods for determining 
impurities and crystal quality and 
was therefore used to evaluate layer 
properties. Figure 2 shows photolu- 
minescence spectra recorded at 2K for 
GaAs deposited with nitrogen as the 
carrier gas and with the standard 
growth process (hydrogen) at 20 
mbar reactor pressure and 650°C 
deposition temperature. The impur- 
ity incorporation is comparable. Due 
to the low reactor pressure used, 
crystal quality is equally good which 
can be derived from the identical 
FWHM of the donor bound to 
exciton transition DoX. 2K photolu- 
minescence spectra of InP deposited 
by both growth processes are pre- 
sented in Figure 3. Again, the purity 
of the layers is comparable. The 
FWHM of the bound exciton transi- 
tions are very narrow and state of the 
art for both carrier gases (0.09 meV) 
which demonstrates the equally good 
crystal quality for layers deposited 
using both processes. A clear advan- 
tage of the N2 process is, that InP can 
still be deposited with excellent sur- 
face morphology at 20K lower growth 
temperatures, whereas the hydrogen 
deposited layers turn rough due to 
lack of phosphorus. Also only about 
1/2 the V/Ill ratio needs to be 
employed at the same growth tem- 
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Figure 5. 2K photoluminescence sp ctra of Gao.4zlnoj~As deposited by the nitrogen (upper spectrum) 
and hydrogen (lower spectrum) processes at 20 mbar and 640°C. The narrower FWHM of the bound 
exciton transition (BE) documents he improved crystal quality, when 3!2 is used as the carrier. 
perature to obtain layers of equal 
quality and surface morphology. This 
shows that nitrogen is very effective in 
the decomposition process of the very 
stable compound PH3. All in all, the 
quality of the binary compounds 
deposited by this new approach is 
comparable to that of material depos- 
ited by the standard growth process 
and state of the art. 
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Figure 6. Homogeneity studies of Gao.4zlnoj3As on whole 2" InP substrates. The layers were deposited 
without substrate rotation. It is shown how much of the wafer area (in %)fal ls within a relative 
deviation (in %) of thickness determined at the centre of the wafer. The percentage for a given relative 
deviation is always higher for the carrier nitrogen than for hydrogen, showing that the uniformity is 
increased, when the carrier Ne is used. 
The ternaries AIxGa:.~As 
and Gao.471no.ssAs 
The change of carrier gas, however, 
has dramatic effects on the optical 
properties of A10.E9Gao.7!As deposited 
on GaAs at 700°C and at 20 mbar 
reactor pressure. Photoluminescence 
spectra t 2K (presented in Figure 4) 
show that more carbon and deep level 
impurities (probably oxygen) are 
incorporated into the layers, when 
the standard growth process is used as 
can be seen from the lower intensity 
ratio of the bound exciton transition 
(BE) to donor-acceptor (DA)c transi- 
tion. We observe a much better 
decomposition of the Al-organic 
source and believe, that again (as in 
the case of PH3 decomposition for 
InP growth) the hydride AsH3 is more 
efficiently decomposed. The decom- 
position of AsH3 leads to an increase 
in atomic hydrogen at the substrate 
surface, which in turn can decrease 
the oxygen incorporation by reversing 
the reaction: 
2Al + 3 H20-~A1203 + 3H2 
The atomic hydrogen present also 
decreases the carbon incorporation 
by enhancing the formation of 
methane: 
Ga(CH3)3 + 3 H ° ~ Ga + 3 CH4 
The FWHM of the BE transition can 
only be determined for the nitrogen 
sample due to the too low intensity of 
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this transition for the hydrogen 
sample. For an Al-content of 30%, 
5.5 meV was observed, which is one of 
the best values obtained for AIGaAs 
deposited in MOVPE with these 
source compounds. It is possible to 
deposit Al-containing material with 
greatly improved layer purity, crystal 
quality and compositional uniformity 
(in the range of the laser spot) using 
nitrogen as the carrier gas in LP- 
MOVPE. 
In terms of layer purity, deposition 
of Gao.47In0.53As on InP does not 
usually present any problems in 
MOVPE. With nitrogen as the car- 
rier gas, we again observe improved 
crystal quality and uniformity when 
comparative PL-studies are done. The 
spectra are shown in Figure 5. A 
FWHM of 1.4 meV of the BE 
transition for the nitrogen sample is 
the lowest value ever reported for 
Ga0.47In0.53As deposited by MOVPE, 
to our knowledge. The electrical data 
are comparable and state of the art: 
for an electron concentration of 1.6 
1015 cm "3 a mobility of I1,000 and 
99,000 cm2/Vs was achieved at 300K 
and 77K, respectively. 
Homogeneity studies 
Thickness homogeneity is one of the 
most crucial topics in MOVPE. 
Layers, that need to be deposited at 
high growth temperatures such as 
AIGaAs are usually intolerably inho- 
mogeneous if the substrates are not 
rotated. The standard deviation in 
layer thickness on whole 2-in wafers 
was improved from +/- 7% for the 
standard growth process to +/- 4% 
for the carrier nitrogen. Larger areas 
with the same uniformity are found, 
when the carrier nitrogen is used as 
seen in Figure 6. It presents a plot for 
Ga0.47In0.53As deposited again on full 
2-in InP substrates and shows the 
percentage of substrate, which is 
within a certain relative deviation 
with respect to the thickness of the 
centre of the wafer. The layers 
deposited with nitrogen as the carrier 
gas show a much larger area of high 
uniformity than layers deposited with 
the standard growth process. This fact 
is relevant when we think of high 
integration on one wafer. The reason 
for the better uniformity when nitro- 
gen is used as the carrier gas, is its 
lower thermal conductivity which 
leads to less pre- and side-wall 
deposition. 
Employment of less 
stable sources 
Due to the enhanced uniformity 
observed in the nitrogen process, we 
are now able to afford the employ- 
ment of less stable source compounds, 
which are more easily decomposed 
and therefore lead to purer layers 
than when the more stable standard 
compounds are used. These less stable 
compounds cannot be employed in 
standard MOVPE due to insufficient 
layer uniformity obtained. We em- 
ployed triethylgallium (TEGa) and 
dimethylethylaminealane (DMEAA1; 
(CH3)2C2HsN-AIH3) (Heraeus) as 
less stable source compounds to- 
gether with AsH3 to deposit A1- 
GaAs, the most problematic III/V 
compound with respect to crystal 
purity. Figure 7 presents photolumi- 
nescence spectra recorded at 2K for 
A1GaAs deposited by both the 
"hydrogen" and the "nitrogen" pro- 
cesses. We were rewarded for the use 
of these alternative compounds by 
extremely pure layers: the (DA)c 
transition is absent, no carbon can 
be detected in the layers anymore. As 
has been observed in our past studies, 
we again find enhanced homogeneity 
for the layer deposited by the nitrogen 
process: for the first time ever 
reported for AlxGal.xAs layers of 
tion and the free exciton transition. 
This result documents the extreme 
purity and crystal quality of the layers 
produced by the N2 process. Thick- 
ness homogeneity studies show, that 
homogeneity is insufficient for the 
hydrogen process with a standard 
deviation of +/- 4% , whereas it 
meets the demands of industry (a 
standard eviation of +/- 1%) when 
the nitrogen process is used. All in all, 
we can only afford to use less stable 
sources when nitrogen is used as the 
carrier gas. 
Economical aspects 
Now we come to the process costs. 
What are we saving by employing 
nitrogen instead of hydrogen? Nitro- 
gen evaporated from the liquid phase 
is very cheap in comparison to 
hydrogen, we are roughly saving 
96% of the costs for the carrier gas 
alone. The installation and upkeep of 
expensive hydrogen detection equip- 
ment becomes uperfluous. We are 
consuming about 30% less hydrides 
for As-based materials and 60% less 
for P-based materials. By the same 
token we are also saving on our gas 
scrubbing chemicals and their refuse 
disposal." We are, however, using 
about 25% more metaUorganics due 
to the lower diffusion constant of 
such high Al-content (XAI = 0.26) 
two excitonic transitions could be 
resolved: the bound exciton transi- 
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Figure 7. 2K photoluminescence spectra of AlxGa~.xAs deposited by the nitrogen (spectrum at the right 
hand with xAt = 0.22) and hydrogen processes (spectrum at the left hand with xA/ = 0.26) at 20 mbar 
and 700°C. No acceptor impurity (carbon) is detected in the layers. The crystal quality of the nitrogen 
layer is so good that bound as well as free exciton transitions are resolved. 
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make up less than 30% of the source 
costs, we are saving more than 17% 
overall of the total source costs. 
Conclusions 
The investigations onlayer purity and 
quality of all materials deposited with 
nitrogen show, that the MonoTorrlZ~ 
getter-based purifier is highly efficient 
in removing all process critical impu- 
rities from the cartier nitrogen and 
therefore fulfils the demanding LP- 
MOVPE purity requirements. The use 
of nitrogen as the carrier gas leads to 
greatly improved layer purity for AI- 
containing materials and to enhanced 
compositional homogeneity and crys- 
tal quality for ternary compounds. 
Thickness homogeneity is increased, 
so that for the first time less stable AI- 
sources, which lead to purer AI- 
containing compounds, can be em- 
ployed. Hydride consumption is re- 
duced due to the more efficient 
decomposition of the hydrides em- 
ployed. At the same time process 
costs for MOVPE are greatly re- 
duced and the process safety is 
increased. The use of nitrogen as 
the carrier gas is an outstanding 
innovation in LP -MOVPE and a 
major improvement for industrial 
application. 
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high quality GaAssubstmtes using the 
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technique for crystal growth: "Flexibility demo ore 4 rail thin wafer'" 
Outstanding characteristics ofAXT's 
wafters include very low dislocation density, low thermal stress, uniform and consistent mechanical 
and electrical properties from wafer to wafer and boule to boule. 
Undoped semi-insulating and doped wafers are available in two, three and four inch diameter. 
Also six inch demo. 
(100) or (111) round shape. AXT's wafers have excellent surface morphology and are EPI-READY 
AX~s wafers have the l owest  E P Ds  among a I i the competition. 
Our typical EPDs for undoped S-I wafer range from 500 tO 3000/cm 2 and from 10 to 300/cm 2 for Si- 
doped wafers. Four mil extra thin wafers are available in two and three inch diameter ound shape. 
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